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Abstract
Highly productive eastern boundary coastal upwelling areas provide inter-
esting environments to study the physical-biological interactions that govern
dissolved oxygen (O2) dynamics. The Iberian Upwelling System (IUS) is lo-
cated in the northern limit of the eastern North Atlantic upwelling region,
along the Iberian margin off Portugal and Spain. It presents a marked sea-
sonality in the hydrodynamics and it is under the influence of water masses
of different origin. Here, we describe the seasonal variability and spatial pat-
terns of O2 in this system taking advantage of the 3-dimensional (3D) ocean
model Regional Ocean Modeling System (ROMS). The model has been satis-
factorily validated and has allowed a sound 3D description of the O2 dynamics
of the coast and adjacent ocean, showing a strong seasonality in the O2 con-
centration of the upper water column. This seasonality is mainly caused by
the deepening and shoaling of the seasonal mixed layer from winter to sum-
mer. O2 concentration is high during winter and reaches maximum values
in spring due to the seasonal phytoplankton bloom. Minimum O2 values
are obtained in summer and autumn. Additionally, the regional circulation
of Eastern North Atlantic Central Water (ENACW) noticeably influences
the O2 distribution. Over the shelf and slope, more variability is introduced
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by the intense hydrodynamics of the upwelling season (spring/summer), the
slope poleward flow (autumn/winter) and continental runoff.
Abbreviations1
Keywords: Dissolved oxygen, modelling, ROMS, mineralization, upwelling,
Eastern North Atlantic Central Water (ENACW). Regional index terms:
East Atlantic, Iberian Margin, Portugal, Spain.
1. Introduction1
The distribution and variability of dissolved oxygen (O2) in the ocean2
is controlled by physical and biological factors and the complex interactions3
between them. These include the large scale and regional circulation, vertical4
mixing, air-sea exchange, oxygen release by primary production and oxygen5
loss by zooplankton respiration/microbial mineralization. Highly productive6
eastern boundary coastal upwelling areas have received special attention to7
study oxygen trends and variability (e.g. the California Current System:8
Bograd et al., 2008) (review of oxygen trends in these and other oceanic9
regions in Keeling et al., 2010). The production and processing of con-10
siderable amounts of phytogenic organic matter in these areas coupled to11
the dynamics of the system is intimately related to the pronounced oxygen12
gradient between the equatorward-flowing surface layer and the compensat-13
ing poleward-flowing subsurface layer, which provides interesting conditions14
to study the physical-biological interactions that govern oxygen dynamics15
(Bianucci and Denman, 2012).16
The Iberian Upwelling System (IUS) is located in the northern limit of17
the eastern North Atlantic upwelling region (Barton et al., 1998; Wooster18
et al., 1976) (Fig. 1). It is characterized by a spring-summer upwelling sea-19
son from April-May to September-October, when northerly winds off western20
1IUP: Iberian Upwelling System.
PC: Portugal Current.
IC: Iberian Current.
IPC: Iberian Poleward Curent.
ENACWp: Eastern North Atlantic Central Water of subpolar origin.
ENACWt: Eastern North Atlantic Central Water of subtropical origin.
MW: Mediterranean Water.
MU: Mediterranean Undercurrent.
ROMS: Regional Ocean Modeling System.
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Iberia prevail, forcing an offshore Ekman transport and the upwelling of cold21
and nutrient rich water in the surface along the coast (Fraga, 1981; Relvas22
et al., 2007). This season is characterized by a high biological production23
(A´lvarez-Salgado et al., 2002). During the rest of the year, the wind direc-24
tion changes and a predominant surface poleward flow, the Iberian Poleward25
Current (IPC), is observable over the shelf edge and the slope, characterized26
by relatively warm and saline water (Haynes and Barton, 1990; Relvas et al.,27
2007). The region has the particularity of being well oxygenated due to the28
presence of Eastern North Atlantic Central Water (ENACW) in the main29
thermocline (Castro et al., 2000), consisting of a water branch of subpo-30
lar origin (ENACWp) and a water branch of subtropical origin (ENACWt)31
(Fiuza, 1984; Rios et al., 1992). The IPC transports northwards relatively32
low oxygen/low nutrient ENACWt along the slope and outer shelf (A´lvarez-33
Salgado et al., 2003; Perez et al., 1993). In contrast, recently ventilated34
ENACWp is sometimes observed to slowly move southward from its subduc-35
tion area north of 46° N due to density differences (Pollard and Pu, 1985).36
At sea surface a weak southward flow known as the Portugal Current (PC)37
is often thought to exist in the northwestern part of the region (Peliz et al.,38
2005; Perez et al., 2001), which may influence the O2 distribution conveying39
oxygen rich water (Perez et al., 2001). Although, such southward flow seems40
to be quite variable and reversible east of 13° W, with periods of dominant41
northward flow (Maze et al., 1997). Deeper in the water column, the pres-42
ence of Mediterranean Water (MW) is characterized by a conspicuous salinity43
maximum and O2 minimum spreading northwards close to the continental44
slope (Fiuza et al., 1998; Perez et al., 1993).45
Given the described seasonal hydrodynamics and the influence of water46
masses of different origin, coupled physical-biogeochemical ocean modelling47
arises as a useful tool to study the spatial and temporal patterns of variability48
along the Atlantic Iberian margin. This approach can help to understand the49
complex interactions between the physical and biogeochemical mechanisms50
controlling oxygen variability (Bianucci and Denman, 2012; Deutsch et al.,51
2006). Furthermore, although numerical models of future global change sce-52
narios predict a significant O2 decline (Keeling et al., 2010), the current53
confidence in these projections is limited (Gruber, 2011). Therefore, an ap-54
propriate understanding of the present situation is a mandatory first step to55
move forward into exploring future trends in the biogeochemical dynamics of56
any ecosystem.57
This is the first study devoted to describe the seasonal and spatial vari-58
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ability of O2 concentration in the Atlantic Iberian margin, taking advantage59
of an ocean model and some available observations. For that, we use a high-60
resolution configuration of the Regional Ocean Modeling System (ROMS)61
coupled to a NPZD + O2 (Nitrate-Phytoplankton-Zooplankton-Detritus +62
Oxygen) biogeochemical model to simulate the three-dimensional (3D) sea-63
sonal oxygen dynamics in the western Iberian margin (Fig. 1). ROMS has64
been widely used to model the hydrodynamics of the region (e.g. Nolasco65
et al., 2013; Otero et al., 2008; Peliz et al., 2007), which gives a good base66
to explore O2 distribution using the biogeochemical model of ROMS. In the67
following sections we describe the model configuration and data used for val-68
idation of the model, we present the validation of model results and we do a69
characterization of the seasonal O2 distribution in the western Iberian shelf70
and adjacent ocean.71
2. Model setup, data and methods72
2.1. Hydrodynamic model73
The seasonal dynamics of the IUS was simulated with the oceanic model74
Regional Ocean Modeling System (ROMS) (Haidvogel et al., 2008; Penven75
et al., 2006; Shchepetkin and McWilliams, 2005). ROMS is a 3D ocean cir-76
culation model with free-surface, vertical terrain-following coordinates, and77
horizontal orthogonal curvilinear coordinates. ROMS is based in the Boussi-78
nesq and hydrostatic approximations to solve the imcopressible primitive79
equations. It is coupled with advection/diffusion schemes for potential tem-80
perature, salinity and biological tracers, as well as a non linear equation of81
state. The advection scheme of Marchesiello et al. (2009) was used, which82
involves the split of advection and diffusion as a biharmonic operator, i.e.,83
no explicit diffusion was implemnted. ROMS can be configured in high res-84
olution to resolve coastal areas and regional seas at the mesoscale level. We85
implemented a high-resolution configuration for the western Iberian margin86
using two off-line nested domains, as described in Nolasco et al. (2013). The87
reader is referred to the latter for the validation of the hydrodynamic con-88
figuration of the model and for a description of the mean circulation and89
currents. Similar configurations of the model have been used in the region90
(Oliveira et al., 2009; Peliz et al., 2007, 2009). The large domain has 1/10°91
(∼9 km) horizontal resolution and 30 vertical s-levels, in order to resolve92
the large-scale circulation features, such as the Azores Current. The high-93
resolution nested domain, our target region of study, includes the coastal94
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and adjacent oceanic region from the Strait of Gibraltar to northwest Iberia95
(Galicia) (34° N - 46° N; ∼ 1200× 600 km) (Fig. 1) and has horizontal reso-96
lution of 1/27° (∼3 km) and 60 vertical s-levels (188×389×60 grid) in order97
to properly resolve the Mediterranean undercurrent (MU).98
The large domain was initialized with temperature and salinity clima-99
tologies from Conkright et al. (2002), which also provided the open bound-100
ary conditions. The surface was forced with monthly climatological wind101
stress and fluxes of heat and freshwater from the Comprehensive Ocean-102
Atmosphere dataset (COADS; da Silva et al., 1994). Initial velocities were103
zero and monthly geostrophic velocities (referenced to 1200 m) and Ekman104
velocities were calculated from the climatologies and applied along the lat-105
eral boundaries. The Mediterranean outflow was introduced as a nudging106
condition as described in Peliz et al. (2007). This configuration was run for107
15 years, and it was validated by a comparison of mean eddy kinetic en-108
ergy maps with AVISO altimetry data, with a methodology similar to that109
described by (Peliz et al., 2007).110
The high-resolution nested domain (Fig. 1) was thus initialized and the111
boundary conditions provided by the large domain described above. The112
exchange of Atlantic and Mediterranean waters at the Strait of Gibraltar113
was explicitly represented in the high resolution domain by the imposition114
of vertical profiles of temperature, salinity and zonal velocity at the strait,115
similarly to (Peliz et al., 2007). The process of entrainment of ENACW with116
the MU was also parameterized by increasing the viscosity and diffusivity117
coefficients. The surface forcing was the same used in the large domain,118
i.e. the COADS climatology. The nested domain was run for 6 years, having119
reached a stable equilibrium solution in the 3rd year, until the Mediterranean120
water was in equilibrium and adjusted along the western and northern Iberian121
margin. The month of January of the 7th year run was chosen to initialize122
the biogeochemical model described in section 2.2, which ran for 9 years.123
In addition to the climatological simulation described above, a realistic124
simulation of the period May 2001 - April 2002 was performed using the same125
two-nested domains configuration. The surface forcing for that period was126
extracted from NCEP 2 reanalysis for air-sea fluxes (Kanamitsu et al., 2002)127
provided by the NOAA (http://www.esrl.noaa.gov/psd/) and QuickSCAT128
surface wind reanalysis (2001–2008) at 0.5° × 0.5° spatial resolution provided129
by CERSAT (http://www.ifremer.fr/cersat). The year 2001 was initialized130
from 1st January for the nested domain, using initial conditions from the131
climatological run (9th year) for the physical and biogeochemical variables.132
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The physical boundary conditions were provided by a realistic simulation133
of 2001–2002 for the large domain, whereas the biogeochemical boundary134
conditions were climatological, as will be described in the next section.135
The freshwater continental runoff from the main rivers of the region136
was included with monthly climatological discharge values (R´ıo-Barja and137
Rodr´ıguez-Lestega´s, 1992) or, when available, realistic discharges for 2001–138
2002 provided by Instituto Nacional da A´gua (INAG) (http://inag.pt) (avail-139
able for the three main rivers: Minho, Douro, and Tagus).140
2.2. Biogeochemical model141
Biogeochemical simulations were performed with a NPZD + O2 model142
(Nitrate-Phytoplankton-Zooplankton-Detritus + Oxygen) coupled to ROMS.143
The NPZD model was a simple 4-components nitrogen based biogeochemi-144
cal model based in that developed by Fasham et al. (1990) computing the145
mentioned state variables in mmol N m-3. O2 concentration (expressed in146
mmol O2 m
-3) was computed in the model so that it was influenced by other147
biogeochemical variables, but O2 did not have an effect on them, as will be148
detailed below (Fig. 2).149
The 3D time evolution of the concentration of any biogeochemical variable150
(Bi) is influenced by diffusion, horizontal advection, vertical mixing and the151
biogeochemical processes that act as sink or source for the variable:152
∂Bi
∂t
= ∇ ·K∇Bi − u · ∇hBi − (w + wsink)∂Bi
∂z
+ SMS(Bi) (1)
Where K is the eddy kinematic diffusivity tensor, u is the horizontal153
velocity, w and wsink are the vertical velocity and the vertical sinking rate of154
the biogeochemical variable, respectively, with the exception of zooplankton,155
nitrate, and O2 to which no sinking rate was attributed. The biogeochemical156
processes included in the source minus sink (SMS) term are specific for each157
variable (Fig. 2), and the parameters used to represent them are listed in158
Table 1. Since O2 is the focus of our study, we next describe in more detail159
the sinks ands sources considered for this variable in the model. A detailed160
description of the sink and sources for the other biogeochemical variables can161
be found in Reboreda et al. (In press).162
Oxygen is produced by photosynthesis during phytoplankton growth, so163
its production rate can be calculated from nitrate uptake using a Redfieldian164
rO2:NO3 stoichiometric ratio. Zooplankton metabolism removes O2, and this165
is estimated from the excretion of nutrients to the environment. Bacterial166
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mineralization of detritus to nutrients also removes O2. Since the model167
only has one nutrient compartment (nitrate), the mineralization process was168
simplified to a direct oxidation from detritus to nitrate, and the O2 loss169
was computed using again the rO2:NO3 ratio. The sediment compartment170
was not included in the model, so the detritus reaching the seafloor was171
simply incorporated to the bottom layer of the model in the water column,172
where it mineralized to nitrate at the specified mineralization rate. This173
representation of detritus mineralization near the bottom was in agreement174
with the findings of Ar´ıstegui et al. (2009), showing that in the Iberian shelf175
most organic matter reaching the bottom during the upwelling period was176
oxidized in the nepheloid layer and not in the sediment. Gas exchange with177
the atmosphere at the ocean surface was introduced in the top cells of the178
model. Thus, the O2 SMS term takes the form:179
SMS(O2) = µ(PAR, T ) · µ(N) · Phyt · rO2:NO3 − tZmetab Zoo · rO2:Nmetab
− tDremin Det · rO2:NO3 +Qge (O2sat−O2) (2)
where the first term in the right hand side of the equation accounts for180
O2 production by photosynthesis (phytoplankton growth). Phytoplankton181
growth rate (µ) is limited by light (photosynthetically available radiation:182
PAR), temperature (T ) and nutrients (N) using the equations µ(PAR, T )183
and µ(N) described in Reboreda et al. (In press), with µ(PAR, T ) modified184
as in Gruber et al. (2006) to include a variable chlorophyll:C ratio (θ).185
The second term in Equation 2 accounts for O2 loss by zooplankton res-186
piration (basal metabolism), estimated from the excretion of nutrients to187
the environment, with tZmetab the zooplankton specific excretion rate (Ta-188
ble 1). The third term of the equation formulates detritus mineralization189
as an O2 sink, with tDremin the detrital mineralization to nitrate rate (Ta-190
ble 1). The stoichiometric ratios for photosynthesis/mineralization (rO2:NO3)191
and zooplankton respiration (rO2:Nmetab) convert Nitrogen concentration to192
O2 concentration (Table 1).193
The last term in Equation 2 represents the exchange of O2 with the at-194
mosphere at the sea surface. This flux can be either to the ocean (source) or195
from the ocean to the atmosphere (sink), depending on whether the surface196
layer is under-saturated or over-saturated in O2. It is calculated after the197
biogeochemical reactions were calculated. The gas exchange rate of O2 is198
calculated as:199
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Qge =
Kv
∆z
(3)
where ∆z is the height of the top cell and Kv is the gas transfer coefficient
calculated as:
Kv = 0.31 · u2 ·
√
660
Sc
(4)
with u the wind speed and Sc the Schmidt number calculated after Wan-200
ninkhof (1992). The saturation concentration of oxygen (O2sat) is calculated201
in a separated subroutine.202
Initial and boundary conditions for O2 and nitrate were supplied from203
climatological data of the World Ocean Atlas (WOA) 2009 (Garcia et al.,204
2010a,b). Seasonal (for depths down to 500 m) and annual (depths below205
500 m) climatologies were used. Initial and boundary chlorophyll-a con-206
centrations were attributed from SeaWiFS seasonal climatology. Seasonal207
vertical profiles were created from these surface concentrations using the al-208
gorithm of Morel and Berthon (1989). Phytoplankton and zooplankton ini-209
tial and boundary data where derived from chlorophyll-a (Phyt = 0.5 · Chl;210
Zoo = 0.2·Chl) (Gruber et al., 2006). Detritus concentrations were not avail-211
able from climatologies, so its initial and boundary values were introduced212
using a low, non-zero constant value (0.02 mmol N m-3) (Kone´ et al., 2005;213
Reboreda et al., In press). Boundary conditions for all the biogeochemical214
variables were supplied seasonally (15th February for Winter, 15th May for215
Spring, 15th August for Summer, and 15th November for Autumn).216
River inputs of nitrate and chlorophyll along the year were introduced as217
constants (see table 2 in Marta-Almeida et al., 2012). Also, a constant river218
input of oxygen was used (125 mmol O2 m
-3), based on data from Ferreira219
et al. (2003).220
The biogeochemical model, which runs as a module integrated in the221
ocean model, was run for 9 years. This configuration converges in 1-2 years222
as observed by the time evolution of the biogeochemical variables. Therefore,223
we let 3 years of spinup.224
2.3. Data series and methods225
Model results presented are seasonal averages over 6 years (4th to 9th cli-226
matological years). Seasonal averages correspond to winter (January, Febru-227
ary, and March), spring (April, May, and June), summer (July, August, and228
September), and autumn (October, November and December).229
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Apparent oxygen utilization (AOU) (mmol O2 m
-3) was calculated from
model outputs as:
AOU = O2sat−O2 (5)
where O2 is the dissolved oxygen concentration output from the model and230
O2sat is the saturation concentration of oxygen calculated as a function of231
in situ model temperature and salinity (Weiss, 1970) (oxsat Matlab® rou-232
tine from the Ocean toolbox by the Scripps Institution of Oceanography).233
Climatological seasonal means of O2 concentration and AOU for compar-234
ison with model results were provided by the WOA 2009 dataset at one-235
degree resolution (Garcia et al., 2010a). The climatological data set does236
not contain O2 values on the shelf. Oxygen data from the shelf for model237
comparisons were obtained from a series of surveys carried out in the north-238
western Iberian region by the Spanish “Consejo Superior de Investigaciones239
Cient´ıficas” (CSIC): (1) The cruises GALICIA VII (February–March 1984)240
(Fraga et al., 1985) and GALICIA IX (September 1986) (Fraga et al., 1987)241
were selected among a series of surveys carried out during the 80’s, which242
constitute a comprehensive hydrographic dataset around the region, made243
available through a series of public reports; (2) Two stations off the NW244
Iberian coast sampled weekly between 15th May 2001 and 24th April 2002245
in the framework of the DYBAGA (Dina´mica y Biogeoqu´ımica Anual en la246
costa GAllega) project (location in Fig. 8). They represent a shelf location247
(∼150 m depth) (sta. 3) and a slope location (∼1500 m depth) (sta. 5). More248
details about the analysis and interpretation of the biogeochemical data col-249
lected at these two stations can be found in A´lvarez-Salgado et al. (2006) and250
Castro et al. (2006). DYBAGA time series of O2, temperature and salinity251
at the two stations were compared to the corresponding modelled time series252
for these variables for a specific simulation of the period May 2001–April253
2002. Model values shown are averages for 3 days and 9 grid points around254
the geographic positions of the stations (a square of ∼0.1° x 0.1°).255
A quantitative analysis of model skill in representing O2 concentration at
the surface was performed by calculating the percentage model bias (Pbias),
i.e., the sum of model error normalized by the climatological data (Allen
et al., 2007):
Pbias =
∑
(Mt −Dt)∑
Dt
· 100 (6)
were Mt and Dt are the modelled and observed values at time index t. Mt is256
the mean of the last 6 years of model run and Dt the climatological mean.257
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3. Results and discussion258
The ability of the coupled hydrodynamic–biogeochemical model to repro-259
duce the 3D seasonal and event variability of O2 in the Iberian shelf and260
adjacent oceanic region (NE Atlantic) was explored. A first assessment is261
presented by comparing seasonal means of O2 at the sea surface with WOA262
climatological data (section 3.1). Next, O2 model results in the water col-263
umn are evaluated along a meridional section at 10.5° W. Additionally, the264
remineralized component of O2 in this section, i.e. the AOU computed from265
model results, is compared with climatological AOU (section 3.2). Finally,266
model results on the shelf are assessed by comparing the model to surveyed267
data in the northwestern (Galician) shelf, and the shelf–ocean interaction268
was explored using three cross-shelf model sections (section 3.3).269
3.1. Sea surface seasonal mean of O2 and surface model bias270
The seasonal trend of sea surface dissolved O2 was well reproduced by the271
model (Fig. 3). The highest O2 concentrations were obtained in spring, espe-272
cially in the northwest oceanic region (>265 mmol O2 m
-3), coinciding with273
the northeast Atlantic spring phytoplankton bloom. Winter O2 concentra-274
tions were also high in the region, with values above 250 mmol O2 m
-3. This275
is an expected consequence of ventilation of the water column during winter276
mixing, as the upper mixed layer depth increases from 20 m in late summer–277
early autumn to 150 m between 40° N and 43° N (A´lvarez-Salgado et al.,278
2003), and to more than 300 m North of 43° N, in late winter (February–279
March) (Arhan et al., 1994; Perez et al., 2005). The lowest O2 concentrations280
at the sea surface were obtained in summer and autumn, corresponding to281
periods of intense thermal stratification and thus low oxygen solubility. The282
characteristic North to South latitudinal gradient was well captured by the283
model, with remarkable similarities in spring (Fig. 3). Average values of284
dissolved O2 concentration compared well with WOA climatological data for285
the four seasons.286
Figure 4 shows the Pbias of the model at the sea surface for the four287
seasons. This analysis gives a measure of whether the model is systemati-288
cally underestimating or overestimating the climatological data. The Pbias289
observed can be rated as very good, roughly between ±2.5% in most of the290
domain for all periods. As a general trend, the model slightly underesti-291
mated climatological data in winter, spring and a bit more in summer, while292
it tended to slightly overestimate climatological data in autumn.293
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3.2. Seasonal mean of O2 and AOU along a meridional section294
The North-to-South section at longitude 10.5° W (Fig. 1) shows that295
the model vertical distribution of O2 in the oceanic region is comparable296
to seasonal climatological data (Fig. 5). The general North-to-South ver-297
tical distribution of O2 consists of: 1) an upper layer (∼0-400 m) with a298
marked seasonal variation and a northward increase in O2 concentration;299
2) an O2 minimum (<200 mmol O2 m
-3) centred at about 1000 m depth,300
with wider vertical extension to the South; 3) a deep layer (>1500 m) show-301
ing almost nule seasonal variations and increasing O2 concentration with302
depth. Between ∼2000 and 2500 m depth a tongue of high O2 concentration303
(>250 mmol O2 m
-3) of northern origin, with slightly seasonal variation, was304
present. The seasonal variability and latitudinal gradient in the uppermost305
layer (roughly ∼0-100 m) were the same described in the previous section,306
corresponding to the surface seasonal varying mixed layer, highly influenced307
by ocean–atmospheric interactions and biological activity (Mann and Lazier,308
2006). Below this layer, the O2 distribution was related to the water masses309
present in the region, an extensive thermohaline description of which can be310
found in Fiuza et al. (1998), Fraga et al. (1982) and Rios et al. (1992).311
Between ∼100-400 m, the latitudinal and seasonal differences in O2 were312
related to the presence and variability of ENACW. The increase in O2 con-313
centration to the North was related to ENACWp (S <35.6), subducted into314
the North Atlantic (>43° N), conveying high O2 concentration southwards315
due to its recent contact with atmosphere during winter mixing (Perez et al.,316
2005, 1993). In the near surface of the southern part ENACWt (S >35.7)317
carried water with relatively low O2 concentration to the North (Perez et al.,318
2001, 1993). The vertical O2 minimum at ∼1000 m was averagely slightly319
above the salinity maximum of MW (Fig. 5). A similar position of the O2320
minimum was observed by Perez et al. (1993) from 40° N to 47° N and Castro321
et al. (1998) in a section across 42° N. O2 minima development is the result322
of the imbalance between physical ventilation and microbial mineralization323
processes (Gruber, 2011; Keeling et al., 2010). Some studies have suggested324
that the position of the O2 minimum between the ENACWp, slowly moving325
southward, and the MW flowing northward in the MU, corresponds to a level326
of slow motion between this two water masses, where longer residence times327
enhance the effect of mineralisation (Castro et al., 1998; Perez et al., 1993).328
Our results also pointed out to a prevailing position of the O2 minimum in329
the transition between ENACW and MW (i.e., above the salinity maximum).330
However this was not clearly associated to a minimum in the meridional ve-331
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locity profile (data not shown). In fact, there was a prevalence of northward332
movement of both water masses. Thus, the position of the minimum maybe333
emphasized at the low motion level when an opposing advance of ENACW334
and MW occurs, as suggested in the literature, however this did not seem335
to be the prevailing situation. Still, the position of the minimum appeared336
to be result of a combination of slow water movement (there was a general337
trend for diminishing velocity with depth in the water column, continuing338
below the O2 minimum) and mineralization rates. We identified the position339
of the O2 minimum for the entire model domain and found that for most340
part of the region it was situated at an average depth between 800 m and341
1000 m (maximum depth 1600 m) , except for a region in the southern part342
of the domain, where it was shallower. The uplift of the O2 minimum in this343
region, which can be appreciated in Figure 5 together with the uplift of the344
isohalines, was a consequence of the cyclonic circulation in the Gulf of Cadiz345
known as the beta-plume (Peliz et al., 2007). The cyclonic circulation seemed346
to cause a higher variability in the vertical O2 minimum along the year. The347
average depth of the O2 minimum in the domain (excluding shelf values)348
was 870 ± 36 m. Over the shelf, O2 minimum was associated to the bot-349
tom. Mean annual values of O2 concentration at the minimum were between350
190 and 200 mmol O2 m
-3 for most of the model domain, with slightly lower351
values to the South. Minimum O2 concentration within the shelf did not352
fall below 200 mmol O2 m
-3. Below 1500 m, the O2 concentration increased353
again with the presence of North Atlantic Deep Water (NADW). Within this354
water mass, the tongue of high O2 concentration from the North matches the355
tongue of Labrador Sea Water (LSW) observed in the region (Castro et al.,356
1998; Fiuza et al., 1998).357
The O2 Pbias of the model for the vertical meridional section described358
above is shown in Figure 6. For most depths the modelled O2 Pbias was359
very good, between ±2.5%, as obtained for the surface O2. Excepcionally,360
the modelled O2 was more than 2.5% lower than the climatological value in361
the southern central waters, and more than 2.5% higher than the climato-362
logical value in the northern upper water column and in three deep cores at363
about 1000 and 1500 m. The higher Pbias core at about 1000 m was about364
coincident with the position of the MW salinity maximum, sugesting a slight365
overestimation of O2 in the MW or, otherwise, a slightly different position366
of the MW maximum in the model. In fact, the analysis of the thermoha-367
line properties of this model configuration presented in Nolasco et al. (2013)368
pointed out to a position of the salinity maximum of MW about 200 m above369
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the climatological position (1000 m instead of 1200 m), which could also be370
perceived from the isohalines depicted in Figure 5.371
The ability of the model to reproduce the impact of aerobic mineraliza-372
tion on the vertical distribution of dissolved O2 in the region was evaluated373
comparing seasonal AOU calculated from model results and climatological374
AOU data, for the vertical section at 10.5° W (Figs. 1 and 7). The AOU375
from the model reproduced well the climatological observations for the four376
seasons. As described for O2, AOU showed seasonal variability in the surface377
layer (<200 m), where biological activity is high, whereas it stayed rather378
stable in deeper layers. Negative values of AOU (O2 concentration higher379
than O2 saturation concentration) were found in the surface all the year380
round, except in winter, when low surface water temperatures give high O2381
saturation concentrations and the photosynthetic activity of phytoplankton382
is quite reduced (A´lvarez-Salgado et al., 2003). AOU increased with depth383
(from 0 to ∼100 mmol O2 m-3), reflecting aerobic mineralization of sinking384
organic matter and the presence of deep older water masses. The tongue of385
high O2 concentration described before and attributed to LSW showed lower386
AOU (<80 mmol O2 m
-3) than the surrounding waters.387
3.3. Characterization of O2 distribution over the shelf388
3.3.1. Model comparison with observed data in the Galician shelf389
We based our evaluation of the model results for the shelf on comparisons390
with data referred in section 2.3 (Fig. 8) and observations referred in the lit-391
erature. Spatial and seasonal distributions of surface dissolved O2 obtained392
during the CICLOS cruises along the western (37° N–41.8° N) and southern393
(7.5° W–9° W) Portuguese shelf (August/November 1985; January/March394
1986) were reported in Moita (2001). These data showed a seasonal trend395
from the highest O2 concentrations in spring (∼9 mg/L) and the lowest in396
autumn (∼8 mg/L) (corresponding to ∼280 and 250 mmol O2 m-3, respec-397
tively), which compares fairly well with model values (Fig. 3). Model results398
show the highest shelf O2 concentrations in summer, instead of spring, pre-399
sumably related to the upwelling-associated phytoplankton blooms. High400
values of dissolved O2 were also found by Moita (2001) in summer (August),401
associated with upwelling centres. Thus, the disagreement in the timing of402
the highest concentration between the model and CICLOS data might be403
explained by the fact that the model simulation is climatological, i.e. it gives404
a spatial and time long-term average over the period, while data represent a405
synoptic situation, so that a particular upwelling event is likely to be weaker406
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(or stronger) than the average situation over the upwelling season. The model407
trend to higher O2 concentrations in the Northern shelf than in the Southern408
shelf was also observed by Moita (2001) in January and August.409
Figure 8 shows comparisons between surface dissolved O2 in the Galician410
shelf for the cruises GALICIA VII (February-March 1984) and GALICIA411
IX (September 1986) and the corresponding climatological model averages412
for March and September. The two cruises represent two contrasting sit-413
uations regarding surface O2 concentration, with GALICIA VII showing a414
typical late winter situation with high O2 concentration and GALICIA IX415
showing a typical autumn situation with low O2 concentration. Model val-416
ues were high near the coast in March (>260 mmol O2 m
-3), and this was417
also observed in the GALICIA VII data, although higher O2 values were ob-418
served (>270 mmol O2 m
-3) and they extended further offshore. This could419
be a consequence of slightly upwelling-favourable conditions during the cruise420
(A´lvarez-Salgado et al., 2003). Model shelf values in September were compa-421
rable to the observations made in the cruise GALICIA IX, except for some422
high O2 values observed in the northwestern Galician shelf. These high values423
may be attributable to high chlorophyll concentrations (>1 mg m-3) found424
in the region at the time of the cruise (A´lvarez-Salgado et al., 1997).425
Figures 9 and 10 present a 1-year time series of observed and modelled426
O2, temperature and salinity at the two stations described in section 2.3 (see427
position in Fig. 8), off the NW Iberian coast (note different depth scales). At428
both the middle shelf (sta. 3) and off the shelf edge (sta. 5) the model was429
able to reproduce the seasonal and short term variability of the thermohaline430
properties and O2 concentration in the water column, with very similar values431
to observed ones. Seven hydrographic periods were described by Nieto-Cid432
et al. (2004) and A´lvarez-Salgado et al. (2006) for the sampling period May433
2001–April 2002 at sta. 3, based on offshore Ekman transport, continental434
runoff and water column stratification. Similar hydrographic situations were435
described by Castro et al. (2006) for sta. 5, though with lower temporal436
variability, as expected for an offshore location. Here, we summarize their437
description of these periods and comment on the ability of the model to438
reproduce them and the observed O2 concentration:439
1) Upwelling season (15th May–25th September): Regardless of upwelling440
favourable northerly winds, thermal stratification of the upper water col-441
umn prevailed at sta. 5, with model temperatures very similar to those ob-442
served (Fig. 9b and e). Throughout this period O2 concentration in the sea-443
sonal thermocline remained high (240–260 mmol O2 m
-3) with model values444
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slightly higher than observations (Fig. 9a and d). This high O2 concentration445
was related to a subsurface chlorophyll maximum (not shown). A subsur-446
face salinity maximum was observed beneath the seasonal thermocline and447
identified as a core of poleward flowing ENACWt by Castro et al. (2006),448
which was not detected in the model until the end of September (Fig. 9c449
and f). Over the shelf (sta. 3), the hydrographic situation along this period450
was characterized by upwelling episodes with short intervals of wind relax-451
ation and marked thermal stratification until late August (Fig. 10b and e).452
These episodes were more clearly separated in the model due to its higher453
temporal resolution. Oxygen concentration within the seasonal thermocline454
was high following upwelling episodes (>260 mmol O2 m
-3) in both observed455
and modelled values (Fig. 10a and d), and was related to phytoplankton456
blooms as in sta. 5. Colder underlying ENACW showed values between457
220-240 mmol O2 m
-3, with model values ∼10 mmol O2 m-3 higher. This458
seemed to be related with the differences identified in thermohaline proper-459
ties between the model and observations, with colder and less salty deeper460
ENACW in the model suggesting a higher proportion of ENACWp (O2 rich)461
in the water mass than observed. The presence of such ENACW in the shelf462
was a consequence of the referred lack in the model of the subsurface core of463
poleward flowing ENACWt in the vicinities of the slope (sta. 5) (lower O2464
concentration). Between the 28th August and 18th September there was a465
strong upwelling event with subsequent uplift of cold and salty ENACW wa-466
ter (Fig 10b, c, e, and f), which also brought relatively low O2 concentration467
water closer to the surface (Fig. 10a and d).468
2) Downwelling (25th September–30th October): At the end of September469
there was a shift in the wind regime to the characteristic southwesterlies of470
this period, which caused a downwelling episode at sta. 3 (Fig. 10b, and471
e), whereas at sta. 5 the water column remained stratified (Fig. 9b and e).472
Castro et al. (2006) attributed this stratification to intense continental runoff473
from the adjacent R´ıas Baixas, given the low salinity lens observed on the474
surface (Fig. 9c). The contribution of the Minho river estuary, located a475
few km to the south, was also likely. The model reproduced the same low476
salinity lens, though with somewhat higher salinity values (Fig. 9f). The477
use in the model of monthly climatological discharges for the Verdugo river478
(∼40 m3 s-1 for October), flowing into the adjacent Rı´a de Vigo (and for479
the other main rivers flowing into the Rı´as Baixas), introduced a modelled480
continental runoff lower than the estimated daily runoff referred in Nieto-Cid481
et al. (2004) for this month, which reached an intense peak of ∼300 m3 s-1.482
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The southwesterlies transported warm (>17℃) and salty oceanic water to the483
vicinities of the shelf (Fig. 9b and c), which was reproduced by the model484
(Fig. 9e and f). There was an influx of this warm and relatively low O2485
concentration (<240 mmol O2 m
-3) oceanic water into the shelf (Fig. 10a, b,486
d, and e).487
3) Transient autumn upwelling period (6th–20th November): The anoma-488
lously strong northerly winds of November favoured vertical homogenization489
of the water column by inducing an upwelling situation at both sta. 3 and490
5 (Figs. 9 and 10). The low salinity lens observed at sta. 3 (Fig. 10c) was491
not evident in the model (Fig. 10f), presumably due to the mentioned use492
of monthly climatological discharges to the adjacent Rı´a de Vigo, which493
could not reproduce the peak of intense runoff showed in Nieto-Cid et al.494
(2004) and A´lvarez-Salgado et al. (2006) in late October. Most probably495
the low salinity lens followed the typical evolution described by Otero et al.496
(2008), being confined to the shelf during the downwelling event, and expand-497
ing offshore under the upwelling conditions. This out-of-season upwelling498
event promoted O2-poor but inorganic nitrogen-rich bottom-shelf ENACW499
to the surface layer (A´lvarez-Salgado et al., 2006) leading to a phytoplank-500
ton bloom (not shown) and the concomitant increase in O2 concentration501
(>240 mmol O2 m
-3) (Fig. 10a and d) (Fig. 9a and d).502
4) Arrival of the IPC to the shelf (27th November–13th February): The503
reversal in wind direction to southwesterlies brought the presence of warm504
and saline ENACWt conveyed by the IPC to the continental slope (sta. 5)505
(Fig. 9b and c), and the shelf (sta. 3) (Fig. 10b and c). At sta. 5, ENACWt506
in the model was slightly colder and less saline than observations and, ac-507
cordingly, showed higher O2 concentration (Fig. 9). Note the coincidence of508
the salinity maximum of ENACWt and the O2 minimum (Fig. 9a and c).509
Surface model results indicated that this ENACWt came frequently from an510
eastward recirculation of the IPC associated with an anticyclonic eddy (at the511
end of January, for instance, Fig. 11). A similar eddy conveying ENACWt512
was observed in the same area (between 41.5° N and 42° N) by Fiuza et al.513
(1998) in May 1993. ENACWt values of temperature and salinity over the514
shelf were similar in the model and in observations, except for slightly higher515
salinities in the model in February (Fig. 10b, c, e, and f). Oxygen values516
were ∼10 mmol O2 m-3 higher in the model than in observations all along517
this period (Fig. 10a and d). This overestimation of the O2 concentration in518
the model may be caused by the lack of a sediment compartment to account519
for the sediment oxygen demand. As explained in the model description520
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(section 2.2), this simplification was considered appropriated for the region521
since most organic matter reaching the bottom is oxidized in the nepheloid522
layer and not in the sediment (Ar´ıstegui et al., 2009). Still, as autumn is a523
time of intense in situ mineralization, it is possible that the contribution of524
sediment for organic matter oxidation becomes more relevant for this period.525
Ferro´n et al. (2009) showed that for the inner Gulf of Cadiz (SE Iberian shelf)526
sediment oxygen uptake could range from 9 to 27 mmol O2 m
-2 d-1. Another527
possibility is that the overestimation detected may be related to the absence528
of phytoplankton respiration in the model, which would affect O2 concen-529
tration related to chlorophyll maxima. Although, a test performed revealed530
that introducing phytoplankton respiration (as 20% of primary production)531
would just reduce about 2 mmol O2 m
-3, as an averge over the domain. From532
the model we could identify that the ENACWt present in the shelf at this533
latitude (42° N) was conveyed northwards either by the IPC circulating over534
the slope and entering the shelf or often by a branch of IPC circulating en-535
tirely within the shelf, as that detected at the beginning of February (salinity536
maximum, delayed in the model relative to observations) (Fig. 10c and f).537
The surface model results illustrated clearly the downstream O2 enrichment538
of the IPC by mixing with ENACWp and with shelf waters, in a similar way539
as described by Perez et al. (2001) (Fig. 11).540
5) Winter mixing (20th February–26th March): There was an increase in541
O2 concentration enhanced by winter mixing of the water column at both542
stations (∼200 m at sta. 5 and reaching the bottom depth over the shelf at543
sta. 3), which enhanced the entry of O2 from the atmosphere. Modelled O2544
concentration in the shelf was very similar to observations (Fig. 10a and d).545
6) Spring stratification (2nd–24th April): Spring stratification developed546
under upwelling favourable winds at the end of the study period (Fig. 10b547
and e) (Fig. 9b and e). There was a clear uplift of the isotherms at sta. 5548
in the model which was not so evident in observations. These upwelling549
conditions, together with the incipient spring thermal stratification, induced550
a phytoplankton bloom (not shown) with a subsequent increase in O2 con-551
centration produced by photosynthesis in both the model and observations552
(Fig. 10a and d) (Fig. 9a and d).553
3.3.2. Shelf–ocean interaction554
The seasonal variability of dissolved O2 in the Iberian shelf and the shelf-555
ocean interactions have been studied along three cross-shelf sections at 42°556
N, 40° N and 38° N from model results. These three locations were chosen557
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because they represent three different zones of the Atlantic Iberian shelf with558
contrasting characteristics: (1) The northern shelf from Cape Finisterre to559
the River Minho (∼43° N–41.5° N), off the Galician coast, being medium560
width and presenting an irregular coastline due to the presence of the R´ıas561
Baixas, four large coastal embayments (>30 km length, >2.5 km3 volume);562
(2) The wide shelf between the river Minho and Cape Roca (∼41.5° N–563
39° N); and (3) The Southern narrow shelf between Cape Roca and Cape564
Sa˜o Vicente (∼37° N–39° N). Both areas (2) and (3) show a regular coastline565
with meridional orientation. These differences along the Iberian shelf and566
their effect on biogeochemical cycles dynamics, namely on in situ oxidation567
of organic mater vs. offshore export have been studied by A´lvarez-Salgado568
et al. (1997) based on several surveys in the Northwest Iberian region.569
Figure 12 shows model seasonal averages of O2 along the three cross-shelf570
sections. As a general seasonal trend, O2 concentration decreased in shelf571
waters during summer and autumn, except in the upper water column af-572
fected by the subsurface chlorophyll maximum (not shown). This subsurface573
O2 maximum was located at about 50 m depth offshore and raised to the574
surface near the coast, showing lower O2 concentration towards the south.575
The summer/autumn seasonal decrease has been attributed to the intensifi-576
cation of mineralization during these seasons (A´lvarez-Salgado et al., 1997,577
1993; Castro et al., 2006). The real autumn O2 concentration is expected to578
be slightly lower than the concentration shown in figure 12, given the over-579
estimation detected in autumn modelled values in the previous section. An580
increase in O2 concentration was observed during winter, and it continued581
increasing throughout spring. Winter mixing favours high O2 concentrations582
on the shelf by deepening of the mixed layer depths. Remnants of winter583
mixed layer can still be present during spring (Fiuza et al., 1998). Also, the584
spring phytoplankton bloom provides O2 to surface layers through photosyn-585
thesis. Oxygen concentration on the shelf tended to decrease from North to586
South, which is an expected consequence of the hydrography of the region,587
where the southern shelf is more influenced by the presence of ENACWt,588
typically carrying lower O2 concentration (A´lvarez-Salgado et al., 1997).589
Seasonal anomalies of modelled O2 and nitrate concentration (relative590
to annual means) are shown in Fig. 13. The previously described seasonal591
trend in O2 concentration on the shelf is also evident here (Fig. 13, upper592
panel). Oxygen anomalies over the shelf tended to be positive in winter593
and spring and negative in summer and autumn (excluding the upper mixed594
layer, which was more affected by saturation equilibrium with the atmosphere595
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and phytoplankton blooms). Oxygen and nitrate anomalies were opposite,596
an indication of organic matter degradation and subsequent nitrification to597
nitrate. A strong negative O2 anomaly (positive nitrate anomaly) was no-598
ticeable in autumn, with maximum values in the near bottom water of the599
outer shelf. This points out to high recycling of organic matter at this posi-600
tion, i.e., mineralization of sinking particulate organic matter (detritus) out601
of the photic layer (A´lvarez-Salgado et al., 1997). The onset of downwelling602
favourable conditions occurs in autumn, after the summer upwelling season,603
accompanied by the autumn plankton bloom, influencing the shelf biogeo-604
chemistry (A´lvarez-Salgado et al., 2003). Downwelling is enhanced by the605
shift in the winds regime (from northeasterlies to southwesterlies) and by606
the presence of the IPC flow over the shelf edge and the slope. The pres-607
ence of the IPC over the slope in autumn was described for Fig. 10 in the608
previous section. Model results support the hypothesis that the presence of609
the IPC limits the offshore export of particulate organic matter and thus610
enhances mineralization of organic matter over the shelf through recycling611
near the bottom shelf and on top of the sediments (A´lvarez-Salgado et al.,612
1997, 2003). This effect was more intense in the cross-shelf section at 40° N,613
where the shelf is wider as noted by A´lvarez-Salgado et al. (1997) (Fig. 13).614
In summer, the upwelling conditions favour a prevailing southward circula-615
tion over the shelf and slope (upwelling jet) and an offshore Ekman transport616
promoting organic matter export from the shelf. Also in summer, the nega-617
tive O2 anomaly (positive nitrate anomaly) near the bottom shelf indicates618
mineralization of sinking organic matter from the surface coastal plankton619
bloom (Fig. 13). This intensified mineralization extends offshore, as a con-620
sequence of the enhanced export of organic matter to the adjacent ocean621
mediated by filaments (A´lvarez-Salgado et al., 2007; Cravo et al., 2010). In622
addition, there were noticeable differences in positive O2 anomalies (nega-623
tive nitrate anomalies) of the shelf-slope from North to South; the anomalies624
tended to be reduced to the South, suggesting less offshore export of organic625
matter in the northern sections, i.e., where the shelf is wider (Fig. 13). In626
this sense, a more efficient recycling would be expected where the shelf is627
wider (A´lvarez-Salgado et al., 1997). The winter situation is opposite to the628
summer situation, as low primary production along the season keeps positive629
O2 anomalies (negative nitrate anomalies) near the bottom shelf, indicating630
lower mineralization rates (Fig. 13). The negative O2 anomaly (positive ni-631
trate anomaly) near the surface indicates the absence of the O2 produced632
(the presence of the nitrate not consumed) by photosynthesis.633
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4. Summary and conclusions634
Reliable predictions of the evolution of ocean oxygen content in future635
global change scenarios should be based on the ability of models to reason-636
ably reproduce the actual conditions (Gruber, 2011). The model used in this637
work has been quite satisfactorily validated and allowed a sound 3D descrip-638
tion of the variability and spatial distribution of O2 along western Iberian639
coast and adjacent ocean. The Atlantic Iberian margin shows a strong sea-640
sonality in the O2 concentration of the upper water column. In the adjacent641
ocean, seasonality is mainly controlled by solar radiation and heat exchange642
with the atmosphere, which drives the deepening and shoaling of the sea-643
sonal mixed layer from winter to summer. Ventilation of the water column644
in winter (∼February–March) provides a massive influx of atmospheric O2645
to the water column up to 150 m to the south of 43° N and more than 300 m646
to the north of that latitude. O2 continues increasing during spring due to647
the seasonal phytoplankton bloom, reaching maximum values by that time.648
Minimum O2 values are obtained in summer and autumn, periods of strong649
thermal stratification and O2 loss by mineralization. Still, a subsurface O2650
maximum at about 50 m, associated to the subsurface chlorophyll maximum,651
remains along the season. Additionally, the regional circulation of central652
waters influences the O2 distribution, mainly by the interplay between the653
southward displacement of oxygen-rich ENACWp and the northward trans-654
port of oxygen-poor ENACWt by the IPC. Deeper in the water column, at655
∼800-1000 m, there is a conspicuous O2 minimum nearly coincident with656
the salinity maximum of the MW. The described seasonal pattern generally657
applies to the shelf region, but here more variability is introduced by the in-658
tense hydrodynamics of the upwelling season (spring/summer), the poleward659
flow of ENACWt over the slope and shelf in autumn/winter and continental660
runoff. These influence also primary production and mineralization patterns661
and, thus, O2 concentration. During upwelling episodes cold and nitrate rich662
ENACW from 150-250 m depth in the adjacent ocean raises to the photic663
layer of the shelf carrying lower O2 concentrations than the remnant coastal664
waters. However, its nitrate content rapidly induces phytoplankton blooms665
that raise the O2 concentration. The shift to prevailing downwelling condi-666
tions in autumn/winter with the arrival of the IPC to the shelf and slope667
brings lower O2 concentration, although ENACWt transported by the IPC668
over the slope becomes more O2 rich as it displaces poleward because of mix-669
ing with the surrounding oxygen richer shelf surface waters. The presence of670
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the IPC over the slope limits the off-shelf export of organic matter, causing671
intense remineralisation near the bottom shelf, decreasing O2 concentration672
there. Evident latitudinal gradients exist related to the regional circulation673
and the differences in shelf extension and topography.674
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Figure 1: Region of study and nested model grids. Dashed line indicates the
position of the meridional section at 10.5° W.
Figure 2: Diagram of the NPZD + O2 model. Model state variables (nitrate,
phytoplankton, zooplankton and detritus) are represented in terms of nitrogen
concentration.
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Table 1: Parameter values of the NPZD + O2 model.
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Figure 3: Seasonal mean of sea surface dissolved oxygen (mmol O2 m-3) from
model results (ROMS) and from climatological data (WOA 2009). Modelled values
correspond to six years averages of surface oxygen. WOA values are based on
observations from 1921 to 2008.
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Figure 3: Continued.
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Figure 4: Pbias (%) of seasonal mean of dissolved oxygen at the sea surface from
ROMS model results vs. climatological data (WOA 2009): (a) winter; (b) spring;
(c) summer; (d) autumn.
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Figure 5: Seasonal mean of dissolved oxygen (mmol O2 m-3) in the water column
along a meridional section at 10.5° W from model results (ROMS) and from clima-
tological data (WOA 2009) (solid line). Modelled values correspond to six years
averages of surface oxygen. WOA values are based on observations from 1921 to
2008. Also shown salinity (psu) (white dashed line).
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Figure 5: Continued.35
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Figure 6: Pbias (%) of annual mean of dissolved oxygen in the water column
along a meridional section at 10.5° W from ROMS model results vs. climatological
data (WOA 2009). Lines of −2.5%, +2.5% and 0% Pbias are shown.
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Figure 7: Seasonal mean of apparent oxygen utilization (AOU) (mmol O2 m-3)
in the water column along a meridional section at 10.5° W calculated from model
results (ROMS) and from climatological data (WOA 2009). Modelled values cor-
respond to six years averages of surface oxygen. WOA values are based on obser-
vations from 1921 to 2008.
37
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Figure 7: Continued.38
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Figure 8: Sea surface dissolved O2 (mmol O2 m-3) in the Galician shelf during the
cruises GALICIA VII (February-March 1984) and GALICIA IX (September 1986)
(sampling stations shown) and the corresponding ROMS climatological mean for
March and September. Stars indicate the position of the two weekly sampling
stations for the period May 2001–April 2002. Isobaths of 200 m and 1000 m are
represented.
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(a) (b) (c)
(d) (e) (f)
Figure 9: Time evolution of observed (upper panels) and modelled (lower panels)
dissolved O2 (mmol O2 m
-3) (a, d), temperature (℃) (b, e) and salinity (psu) (c, f)
in the water column at station 5 (42° N, 9.5° W) (slope) for the sampling period
May 2001–April 2002. Dots represent sampling depths.
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(a) (b) (c)
(d) (e) (f)
Figure 10: Time evolution of observed (upper panels) and modelled (lower panels)
dissolved O2 (mmol O2 m
-3) (a, d), temperature (℃) (b, e) and salinity (psu) (c, f)
in the water column at station 3 (42° N, 9.16° W) (shelf) for the sampling period
May 2001–April 2002. Dots represent sampling depths.
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Figure 11: Snapshot of the northwestern part of the domain on the 30th Jan-
uary 2002 under strong influence of the IPC: modelled sea surface dissolved O2
(mmol O2 m
-3) and modelled surface velocities field (arrows) (m s-1) showing a
tongue of low oxygen concentration advancing northwards over the slope, and
getting oxygen enriched downstream.
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Winter Summer
Spring Autumn
Figure 12: Seasonal means of ROMS dissolved O2 (mmol O2 m-3) along three
cross-shelf sections in the Iberian Atlantic margin at 42° N, 40° N and 38° N
(longitude degrees in the x-axis).
43
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Winter anomaly Summer anomaly
Spring anomaly Autumn anomaly
Figure 13: Seasonal ROMS O2 anomalies (mmol O2 m-3) and nitrate anoma-
lies (mmol N m-3) (see Figure continuation) [anomaly = seasonal mean − annual
mean] along three cross-shelf sections in the Iberian Atlantic margin at 42° N, 40°
N and 38° N (longitude degrees in the x-axis).
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Winter anomaly Summer anomaly
Spring anomaly Autumn anomaly
Figure 13: Continued.
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